INTRODUCTION
Colorectal cancer (CRC) is the second most common cause of cancer death in the US. Approximately 130 000 new cases of CRC are diagnosed in the US each year with an annual mortality of approximately 56 000 people. In the post-operative setting, there is clear evidence that offering adjuvant therapy significantly improves survival in stage III CRC, however, the management of stage II disease is an area of controversy and debate. The 5-year survival for stage II patients is approximately 75%, indicating that the majority are cured by surgery alone, and many patients who would have been cured by surgery undergo chemotherapy unnecessarily. Furthermore, some patients who are not recommended to receive adjuvant treatment may benefit from chemotherapy. Recent studies have started to define prognostic molecular markers that identify those patients at risk of relapse after surgery and who may benefit most from chemotherapy (Table 1) . Furthermore, molecular markers are being identified that predict whether a tumour will respond to a particular chemotherapy. In addition, some markers may have therapeutic value by predicting the degree of systemic toxicity for a particular treatment. For such studies tumour DNA can be analysed to identify genetic changes such as point mutations, loss of heterozygosity (LOH), gene amplification and microsatellite instability (MSI). In addition, the expression of individual genes can be assessed at the levels of mRNA and protein using the techniques of real-time reverse transcription PCR and immunohistochemistry (IHC) respectively. The ultimate goal of this research is the tailoring of treatment to the molecular phenotypes of tumour and patient. This review highlights potentially important prognostic and predictive markers in CRC. Due to space restrictions many worthy contributions could not be cited.
Colorectal Cancer Biology
The genetic model of CRC proposed by Vogelstein and others suggests that multiple genetic abnormalities are accumulated over time during the progression from adenoma to adenocarcinoma ( Figure 1 ). 1 Mutations in genes such as the Kirsten-ras (K-ras), adenomatous polyposis coli (APC), deleted in colon cancer (DCC) and the p53 tumour suppressor gene are the most common genetic alterations found in sporadic CRC. Approximately 5% of CRC is inherited and familial adenomatous polyposis (FAP) and hereditary non-polyposis colon cancer (HNPCC) are the most well-characterized syndromes. 2 FAP is caused by mutations in the APC gene, whereas 90% of HNPCC cases are caused by mutations in genes involved in mismatch repair (MMR) leading to microsatellite instability (MSI). In addition, 10-15% of sporadic cases of CRC have mutations in MMR genes.
Loss of heterozygozity (LOH)
More than 75% of CRCs have lost a portion of chromosome 17p or 18q, or both. The 17p segment contains p53, which is regarded as one of the most important tumour suppressor genes. It has a number of key functions such as DNA damage repair, initiation of cell cycle checkpoints and initiation of apoptosis. 3 p53 has been the most extensively studied molecular marker in patients with CRC and mutations have been found in 40-60% of cases. 2 Missense mutations of the p53 gene result in production of a protein with a longer half-life, therefore, detection of increased p53 expression by IHC has been used as a surrogate for p53 mutation in many studies. However, this assumption has been shown to be valid in only 60-80% of cases in studies that have compared p53 expression measured by IHC with p53 mutations analysed by DNA sequencing. 4 Despite numerous investigations into the prognostic value of p53 overexpression in patients with CRC, the issue still remains controversial. Many studies have been statistically underpowered, and the issue is further complicated by the use of different antibodies which have varying levels of sensitivity and capacity for detecting mutant forms of p53. Studies of at least 100 patients with CRC using p53 monoclonal antibodies have generally found that p53 overexpression was associated with worse prognosis. 5, 6 This association has not been a consistent observation as some studies have found the opposite, 7 or no correlation. 8, 9 However, the majority of DNA sequencing studies have shown a significantly shorter survival time in patients with mutant p53. 10 Data from studies in cell line models have suggested that p53 status influences 5FU chemosensitivity. 11, 12 This has been borne out in several clinical studies, for example Ahnen et al found that patients with stage III CRC whose tumours overexpressed p53 did not derive significant survival benefit from adjuvant 5FU-based treatment,
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14 Allelic loss on chromosome 18q is found in approximately 70% of CRCs and has been associated with worse prognosis in stage II and III tumours. 15 , 16 Jen et al found that stage II patients who retained both 18q alleles have an excellent 5-year survival of 93% compared to 54% of those who had lost one allele. 16 This data suggests that patients with stage II disease who have a deletion on chromosome 18q have a more aggressive clinical course and may represent a subset of stage II patients who would benefit from adjuvant chemotherapy. Furthermore, a recent study by Watanabe et al found that retention of both 18q alleles predicted for favourable outcome after adjuvant 5FU-based chemotherapy in stage III CRC. 17 The 18q segment contains three candidate tumour suppressor genes: DCC, Smad 2 and Smad 4. The product of the DCC gene is a cell adhesion molecule. 18 and it has been postulated that decreased DCC expression may lead to altered adhesion and contribute to enhanced tumour growth and metastatic spread of colorectal tumours. Smad proteins are transcription factors involved in the transforming growth factor ␤ (TGF-␤) pathway. 19 These proteins are involved in signalling from TGF-␤ receptors and regulate transcription of target genes including c-myc, CBFA1, FLRF and furin. Targeted disruption of Smad genes in mice has revealed their importance in embryonic development. Furthermore, Smad 2 and Smad 4 have been implicated in human cancer and appear to have tumour suppressor functions. 20 Loss of material from the short arm of chromosome 8 is found in approximately 50% of cases of CRC. The introduction of chromosome 8p into colon cancer cell lines has been shown to decrease their tumourigenecity and invasiveness. 21 Furthermore, LOH at 8p has been shown to correlate with the presence of micrometastases. 22 Halling et al found that in stage II and III CRCs 8p allelic imbalance was an independent prognostic indicator for decreased survival and time to recurrence. 23 This was the first large study exploring the role of 8p allelic imbalance in prognosis of CRC.
Microsatellite instability (MSI)
MSI is caused by mutations in MMR genes such as hMSH2, hMLH1 and hMSH6 resulting in failure of the DNA mismatch repair system to correct errors that occur during replication. Numerous studies have shown a survival advantage and a less aggressive clinical course for patients with high frequency MSI. 23, 24 Furthermore, MSIhigh tumours have been reported to metastasise less often than microsatellite stable tumours. 24 The MSI phenotype also appears to be associated with excellent survival in patients who receive adjuvant 5FU-based chemotherapy. 25 A recent study found that 61% of stage III CRC patients with MSI-high tumours had a mutation in the gene for the type II receptor for TGF␤-1. 17 Furthermore, these patients had a 74% 5-year survival following adjuvant 5FU-based chemotherapy compared to 46% in patients with MSI-high tumours that lacked the mutation. Thus, mutation of the gene for the type II receptor for TGF␤-1 may predict the response of MSI-high tumours to 5FU-based chemotherapy. It is possible that immunohistochemical analysis of hMLH1 and hMSH2 can be used as a surrogate for MSI.
Oncogenes K-ras gene mutations are believed to be among the earliest events in CRC tumourigenesis and are present in approximately 50% of cancers.
1 K-ras point mutations (most commonly at codons 12, 13 and 61) result in constitutive activation of downstream signal transduction pathways such as the mitogen activated protein kinase (MAPK) pathway. Although some studies have found an association between K-ras mutation and prognosis, 13 others have failed to do so. 26 It has recently been reported that particular types of K-ras mutations may be useful markers for identifying patients likely to benefit from 5FU-based adjuvant chemotherapy. 27 K-ras is also of interest as a potential chemotherapeutic target. Ras proteins are www.nature.com/tpj activated by addition of a farnesyl group, therefore, inhibitors of farnesyl transferase may be useful in tumours with K-ras mutations. 28 C-myc is a transcription factor involved in regulating cell cycle progression, the expression of which is elevated in approximately 70% of CRCs. 29 Mutational inactivation of the APC gene (found in the majority of CRCs) has been implicated in the upregulation of c-myc in CRCs. A recent study by Arango et al found that patients whose tumours had both amplified c-myc and wild-type p53 responded well to 5FU-based chemotherapy, whereas patients with unamplified c-myc and wild-type p53 did not benefit. 30 These results suggest a predictive role for c-myc.
Chemotherapeutic Agents 5-Fluorouracil (5FU) has been the mainstay of CRC therapy for over 30 years, therefore most predictive data has been reported for this agent. CPT-11 (irinotecan) and oxaliplatin are relatively new agents that are currently used in the treatment of metastatic CRC, and recent studies have begun to identify predictive markers for these agents. Novel therapies such as the multitargeted antifolate (MTA) and ZD-1839 (Iressa), which inhibits the epidermal growth factor receptor (EGFR), are currently in clinical trials. The mechanism of action of both the established and the newer chemotherapeutic agents are summarised in Figure 2 .
5-Fluorouracil (5FU)
5FU is converted intracellularly to fluorodeoxyuridine monophosphate (FdUMP), which binds covalently to the nucleotide synthetic enzyme thymidylate synthase (TS) in the presence of the reduced folate co-factor 5,10-methylenetetrahydrofolate (CH 2 THF) ( Figure 2) . 31 The resulting inhibition of TS causes nucleotide pool imbalances resulting in disruption of DNA synthesis and repair and ultimately causing DNA strand breaks. 32 In addition, another 5-FU metabolite FUTP can be misincorporated into nuclear and cytoplasmic RNA, disrupting normal RNA processing and function. 32 Response rates for 5FU monotherapy as a first line treatment for advanced CRC are 10-20% with median survival of less than 12 months.
33 When leucovorin (LV) is administered with 5FU, the intracellular reduced folate pools are expanded and FdUMP-TS-CH 2 THF complex formation is increased, resulting in more effective TS inhibition. 5FU/LV combination therapy has been demonstrated to improve survival and quality of life in CRC patients. 34 Pre-clinical studies have demonstrated that TS expression is a key determinant of 5FU sensitivity, 35 and multiple clinical investigations have demonstrated an improved response to 5FU-based therapy in patients with low TS expression in their tumours. 31, 36 In addition, several studies have demonstrated that patients with high TS expression in their tumours have a significantly worse clinical outcome than those with low TS irrespective of response to treatment, therefore TS may also be a valuable prognostic marker. 37, 38 The TS gene promoter is polymorphic with either two (TSER*2) or three (TSER*3) tandem repeats of 28 base pairs. 39 In vitro studies have demonstrated that three copies of the tandem repeat generated approximately 2.6-fold higher TS mRNA expression than two copies. Recently, preliminary studies have suggested that stage III CRC patients with the TSER*3/TSER*3 genotype do not receive the survival benefit from adjuvant 5FU treatment observed in patients with the TSER*2/TSER*2 or TSER*2/TSER*3 genotypes. 39 . A recent study found that methotrexate treated patients with acute lymphoblastic leukaemia who had the TSER*3/TSER*3 genotype had a poorer outlook than those with the other genotypes, therefore TSER genotyping may be therapeutically useful in a range of cancers. 40 Recent studies have found that TS levels measured in primary tumours do not correspond with those measured in the corresponding metastasis. 41, 42 For example, in matched samples of primary and metastatic
The Pharmacogenomics Journal tumours from the same patient, TS mRNA expression in lymph node and pulmonary metastases was significantly higher than in the corresponding primary tumour, whereas liver metastases expressed lower levels of TS than primary tumours. 41 These results may explain why TS expression in primary tumour samples may not predict response of metastases to treatment. 43 Thymidine phosphorylase (TP) reversibly converts 5FU to its active metabolite FdUMP. Cell culture and xenograft model systems indicated that transfection of TP into cancer cells increased their sensitivity to 5FU, presumably due to greater metabolic activation of 5FU to FdUMP. 44 However, retrospective analysis of TP mRNA expression in 38 colorectal tumours indicated that tumours with the highest TP levels do not respond to 5FU-based chemotherapy. 45 Indeed, high TP expression has been found to be an indicator of worse prognosis in CRC. 46 These findings may be due to the role of TP as an angiogenic factor (initially identified as platelet-derived endothelial cell growth factor). Thus, high TP expression may be a marker for other molecular changes associated with the development of a more invasive and malignant tumour phenotype with increased resistance to chemotherapy.
Dihydropyrimidine dehydrogenase (DPD) is the rate limiting enzyme in 5FU catabolism. Normally over 80% of administered 5FU is broken down by DPD in the liver, however, 3-5% of the normal population are deficient in DPD and experience severe toxicity when treated with 5FU. 47 High levels of DPD mRNA expression in colorectal tumours have been shown to correlate with resistance to 5FU. 48 This study also indicated that DPD, TS and TP are independent predictive markers of response to 5FU. Furthermore, use of all three markers increased the ability to predict outcome to 5FU-based chemotherapy to 100%, as all of the tumours that responded expressed TS, TP and DPD below their respective cutoff values. To prevent DPD-mediated degradation of 5FU both in liver and tumour, efforts have been made to modulate 5FU therapy with DPD inhibitors. One such DPD inhibitor, eniluracil, has now entered clinical trials. Capecitabine is an oral fluoropyrimidine carbamate that avoids degradation by DPD in the liver. 33 Capecitabine is absorbed unchanged through the gastrointestinal wall and is converted in the liver to 5Ј-deoxy-5-fluorouridine (5ЈFDUR) by carboxylesterase and cytidine deaminase. Importantly, 5ЈFDUR is converted to 5FU by TP, which is more active in tumour than in normal tissue, resulting in tumour-selective generation of 5FU. Thus, unlike 5FU, capecitabine may be more active in tumours expressing high levels of TP, although high tumour TS and DPD expression would still be expected to predict resistance to this agent. Capecitabine has already shown considerable activity in xenograft models.
49
Antifolates Raltitrexed (RTX) was the first TS-specific inhibitor to be approved for clinical use. It is a quinazoline analog of folic acid that is transported into cells by the reduced folate carrier (RFC) and is then polyglutamated by folylpolyglutamate synthase (FPGS). 50 Cellular retention and TS binding affinity are both increased by polyglutamation. A randomised multicentre trial found that total objective response rates for RTX and 5FU/LV were similar in patients with advanced CRC. 51 In cell culture model systems the major resistance mechanisms to RTX are increased levels of TS, decreased levels of polyglutamation and impaired transport by RFC. 52, 53 In contrast to 5FU/LV, RTX would be expected to have activity in tumours expressing elevated levels of DPD and/or TP mRNA. A novel multitargeted antifolate (MTA) that inhibits TS, the folate metabolic enzyme dihydrofolate reductase (DHFR) and the purine synthetic enzyme glycinamide ribonucleotide formyl transferase (GARFT) is in phase III clinical trials and has shown activity in a range of cancers (Figure 2) . 54 We have previously demonstrated that response to MTA in vitro is highly sensitive to TS expression levels. 52 In vitro data from our laboratory suggests that inactivation of p53 increases resistance to RTX and MTA, 12 however, this has yet to be assessed in patients.
CPT-11 (Irinotecan)
CPT-11 is a pro-drug that is converted in vivo by carboxylesterase into SN-38, which acts as a potent inhibitor of DNA topoisomerase I (Topo I). 55 Topo I relaxes supercoiled double-stranded DNA in front of DNA replication forks by breaking one strand of the DNA double helix, passing the other strand through the cleavage site and religating the cleaved DNA. SN-38 interferes with this reaction by reversibly stabilizing the covalent complex formed between Topo I and the cleaved DNA, thereby inhibiting religation of Topo Ilinked single-stranded DNA breaks. It has been proposed that collision of the DNA replication fork with the SN-38 stabilized DNA-Topo I complex during S phase generates DNA double-strand breaks. In clinical studies CPT-11 has demonstrated single-agent activity in advanced CRC with response rates of 20-25%. 56 In combination with 5FU, CPT-11 has produced response rates of 49% for advanced CRC. 57 Furthermore, CPT-11 has demonstrated significant activity in tumours that are refractory to 5FU. 58 The predictive value of Topo I for response to has not yet been demonstrated. Furthermore, most pre-clinical studies have failed to find a strong correlation between levels of Topo I protein or gene expression and CPT-11 sensitivity in cell line models. 59 In vitro data suggest that MSI-high tumour cells are more responsive to CPT-11, whereas p53 status may not be a major factor for resistance, 60 however, data from clinical studies are lacking.
Platinum compounds
Oxaliplatin is a platinum-based chemotherapeutic agent carrying a bulky 1,2-diamino-cyclohexane ring used in the treatment of advanced CRC. 61 The bulkier carrier group is thought to cause platinum-DNA adducts that are more cytotoxic than those formed by other platinum agents such as cisplatin and carboplatin. Indeed, MMR deficiency and enhanced ability to bypass the site of DNA damage have www.nature.com/tpj been demonstrated to cause resistance to cisplatin but not to oxaliplatin. 62 Oxaliplatin has modest activity as a single agent, but is very active in combination with 5FU/LV, with response rates of approximately 50% seen in first-line treatment of metastatic CRC. 63 Excision repair cross complementing (ERCC) proteins are components of the nucleotide excision repair system. High ERCC1 gene expression has been shown to correlate with poor survival and response of gastric cancer patients treated with 5FU and cisplatin. 64 More recently, the same group has reported that survival of patients with metastatic CRC following 5FU/oxaliplatin chemotherapy was significantly better in patients expressing low levels of ERCC1 mRNA compared to those expressing high levels.
It appears from this study that ERCC1 is an independent predictive marker of response to 5FU/oxaliplatin chemotherapy. Other proteins involved in nucleotide excision repair such as ERCC2 and XPF may also affect the ability of tumour cells to remove DNAplatinum adducts and should be assessed in future studies. We have found that p53 null cancer cells are more resistant to oxaliplatin and cisplatin (unpublished data), suggesting that p53 status may be an important predictive factor for these drugs.
Novel therapies
Overexpression and/or mutation of epidermal growth factor receptor (EGFR) have been detected in a number of human cancers and are associated with aggressive disease and poor prognosis. 66 Several tyrosine kinase inhibitors have been developed to target EGFR, the most advanced of which ZD-1839 (Iressa) is in phase III clinical trials. ZD-1839 competitively inhibits ATP binding to EGFR and has been shown to have significant antitumour activity against a number of human tumour xenograft models when combined with a range of cytotoxic compounds. 66 Vascular endothelial growth factor (VEGF) is the major angiogenic growth factor in CRC and is associated with worse prognosis. 67 An antibody treatment to target VEGF is in phase I clinical trials. 68 Farnesyl transferase inhibitors (FTIs) that target post-translational modification of ras have been developed and may be of use in colorectal tumours expressing mutant Kras. 28 Targeted chemotherapy using cytotoxic radicals conjugated to analogues of peptide hormones have been designed to selectively deliver high doses of cytotoxic agents to tumour cells that express peptide hormone receptors. 69 One such cytotoxic analogue of somatostatin (SST) consisting of 2-pyrrolinodoxorubicin linked covalently to an SST octapeptide has recently demonstrated activity in colorectal cell lines expressing the SST receptor regardless of the p53 status of the cell line. 70 These results suggest that patients with colorectal cancers that express the SST receptor may benefit from treatment with cytotoxic SST analogues. COX-2 overexpression has been inversely correlated with patient survival. 71 In a colon cancer cell line exhibiting high COX-2 expression, selective COX-2 inhibition was cytotoxic and suppressed invasiveness, 72 suggesting that COX-2 inhibitors may have a role to play as chemotherapeutic agents. The development of bioassays that measure the expression of the above target molecules could potentially permit the identification of patients most likely to benefit from these new therapies.
CONCLUSIONS
The aims of studying molecular markers are to determine prognosis and identify patients who are most likely to benefit from chemotherapy. Analysis of prognostic markers such as LOH at chromosome 18q may help to identify patients as either, likely to be cured by surgery alone, or require adjuvant treatment. 16 The study using TS, TP and DPD expression to predict response to 5FU-based chemotherapy demonstrates that combining information from more than one independent predictive marker has the potential to identify a high percentage of responding patients. 48 In the future, simultaneous analysis of a set of key markers could be used for tumour evaluation, possibly using DNA microarray technology. If such testing predicted resistance to a particular drug, alternative therapies could be used. It is important to note that in the metastatic disease setting, TS expression in the primary tumour has been found not to correlate with expression at metastatic sites. This may be a general phenomenon as a similar finding has recently been reported for Bax. 73 Clearly, the possibility of differential expression of a marker in primary and metastatic sites must be considered when attempting to predict disease response to chemotherapy. Many of the new therapies that are being developed have targeted mechanisms of action and therefore have readily identifiable potential predictive markers (eg EGFR for ZD-1839). DNA microarray and proteomic technologies have the potential to identify many new candidate markers and to facilitate evaluation of their clinical significance. Meta-analyses may help to resolve problems that arise when different studies produce conflicting results such as the studies into the prognostic and predictive value of p53. Ultimately, the usefulness of a marker will come from a demonstration that application of the information it provides improves outcome in a prospective trial.
